The acute neurobehavioral effects of three acetates (amyl, ethyl, and n-butyl acetate) were investigated after 20-min inhalation exposures in mice using locomotor activity and a functional observational battery (FOB). Ethyl and n-butyl acetate produced significant decreases in locomotor activity at the highest concentrations examined, while amyl acetate was without effect. Minimally effective concentrations for activity-decreasing effects were 2000 ppm for ethyl acetate and 8000 ppm for n-butyl acetate. The potency order was similar in the FOB where ethyl acetate was more potent in disrupting the neurobehavioral measures. The FOB profile of effects for all three acetates included changes in posture, decreased arousal, increased tonic/clonk movements, disturbances in gait, delayed righting reflexes, and increased sensorimotor reactivity. Furthermore, handling-induced convulsions were produced in some mice acutely exposed to each of these acetates. Recovery from the acute effects of these acetates was rapid and began within minutes of removal from the exposure chamber. The acetates produced a profile of neurobehavioral effects that were different from those reported for depressant solvents (i.e., toluene, 1,1,1-trichloroethane) that are subject to abuse. Evidence is emerging for qualitative differences in the acute neurobehavioral effects of various volatile Chemicals. O 1997 Sodety of Toxicology.
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Acetates have widespread industrial and commercial use as volatile organic solvents. Use in the workplace and by consumers allows for acute and/or chronic human exposure to these substances. Acetates are used extensively in industrial processes and are present in commercial products such as varnishes, lacquers, paints, and various adhesives. Many of these commercial products are also subject to inhalant abuse (Sharp, 1992; Levinthal, 1996) . In addition, ethyl and amyl acetates are used as flavorings and artificial fruit essences. Because of the sensory irritation and central nervous system (CNS) effects produced by these compounds, the Occupational Safety and Health Administration (OSHA) has established time-weighted average exposure limits for each ' To whom reprint requests should be addressed. Fax: (804) 828-2117. of these acetates (amyl, 100 ppm; ethyl, 400 ppm; n-butyl, 150 ppm). Increasing concentrations of these compounds are known to produce alterations in CNS function which progress from respiratory and eye irritation to headache, weakness and dizziness, and even death.
The nature of the acute neurobehavioral effects of volatile acetates is not well characterized in controlled laboratory studies. It is not known if the profiles of acute intoxication with various acetates are similar to one another or to other widely used and abused solvents. In addition, their relative potencies have not been well established. One purpose of this study was to utilize standard tests of animal behavior to provide a characterization of the acute effects of amyl, ethyl, and n-butyl acetate by inhalation exposure. A second goal was to expand the limited data available on the effects of inhaled chemicals on the standard measures used in neurobehavioral toxicity screening.
Tests of motor activity and a profile of observable neurobehavioral effects have been proposed for use by the U.S. Environmental Protection Agency for behavioral toxicity testing (U.S. EPA., 1985 EPA., , 1991 . The functional observational battery (FOB) allows for qualitative and quantitative evaluations of the acute behavioral and physiological effects of compounds and has been used in previous investigations of neurobehavioral toxicants (Moser, 1990 (Moser, , 1991 Moser et al., 1988) . Observational and functional assessment of the effects of organic solvent exposure, however, it still in its infancy. To our knowledge, there have been only a few prior published studies using an FOB to assess the effects of acute vapor exposures (Tegeris and Balster, 1994; Gill et al, 1995; Cushman et al, 1995; Bowen et al., 19%) . Through the use of the FOB, it has been demonstrated that rodent exposure to inhaled alkylbenzenes produced acute effects similar to those produced by the classic CNS depressant pentobarbital (Tegeris and Balster, 1994) . hi addition, it has been recently shown that not all inhaled chemicals produce a predominantly depressant drug-like profile of effects .
hi addition to tests of observable neurobehavioral effects, locomotor activity has also been used to evaluate solvent effects (Bowen and Balster, 19%; Evans and Balster, 1991) . For example, 1,1,1-trichloroethane has recently been reported to produce biphasic effects on locomotor activity in mice using a withinsubject design . These effects, like similar effects reported earlier for toluene (Hinman, 1987; Wood and Colotla, 1990 ), may reflect a unique CNS profile of acute effects. Because locomotor activity changes appear to be a sensitive measure of acute behavioral effects to toxicants, tests of effects on locomotor activity were included in the present hazard identification study.
METHODS
Animals. Adult male CFW (ChasRiver Swiss) albino mice (Charles River Breeding Laboratories, North Wilmington, MA) were used in all experiments and weighed 27-40 g when testing began. Mice were housed individually in 18 X 29 X 13-cm plastic cages containing wood chip bedding and fitted with steel wire tops. A 12-hr light/dark cycle and controlled temperature of 22-24°C were maintained in the mouse housing facility. Animals were transported to the laboratory for all FOB testing, which was carried out during the light cycle. Mice were allowed free access to food and water.
Inhalation exposures. Acetate vapor exposures were earned out using a static exposure system consisting of a sealed 29-1 cylindrical glass jar with an acrylic lid (Woolverton and Balster, 1981) . The lid was equipped with injection ports and a fan which projected into the chamber above a 15-cm 2 stainless-steel mesh platform. During testing, one mouse was placed in the bottom of the chamber, the lid was replaced, and a calculated amount of solvent was injected onto filter paper located on the wire mesh. The fan was then turned on which volatilized the solvent. Vapor concentrations were confirmed by single-wavelength monitoring infrared spectrometry (Miran 1 A, Foxboro Analytical). For the highest concentrations of all three acetates, mean concentrations were within 3% of nominal concentrations 2.5 min after solvent injections and remained within 2% of the nominal concentrations throughout the 20-min sessions. Levels of waste gases (i.e., water vapor and CO 2 ) were monitored during pilot studies and found to be negligible. Each animal was exposed only once to a single solvent concentration (between-groups design without repeated measures) Motor activity. Motor activity was measured unobtrusively via two sets of photocells (Micro Switch, Freeport, 1L) that bisected the static exposure chambers. Interruptions of these photobeams resulted in an analog signal being delivered by the photocell, which in turn triggered a counter. Activity was monitored once daily (Monday-Friday) for 30 min for approximately I week prior to solvent exposures, during which each mouse was placed into the same static exposure chamber in the same sequence each day and given "air-only" exposures. This resulted in a reduced variability of performance and allowed for stable day to day levels of activity. During testing, each mouse was placed into the static exposure chamber just prior to solvent injection into the tank. Measurement of locomotor activity began immediately after activation of the chamber fan and was monitored during the entire 20-min exposure session. Each mouse was tested with only one acetate concentration.
Equipment.
Stimulus reactivity and open field measurements were conducted on a 40 X 76-cm lab cart with a 7.5-cm rim covered with clean paper. A 13-cm 2 wire mesh screen capable of being rotated 180° was utilized for the inverted screen test. For testing, a mouse was placed on top of the screen, rotated, and allowed to right itself from a hanging position. A modified push-pull strain gauge (DFG-2, Chatillon) was used for grip strength measurements and a toy metal clicker was employed as the auditory stimulus.
Functional observational battery. The FOB protocol used in this study has been described in detail in a previous publication and consisted of 21 different dependent measures assessing the following five domains of behavioral and physiological responses: CNS activity, CNS excitability, autonomic effects, muscle tone/equilibrium, and sensorimotor reactivity. During the last 2 min of acetate exposure, mice were scored on the following measures: posture, arousal, rearing, clonic movements, tonic movements, palpebral closure, gait, and gait abnormalities as shown under "During" in Table 1 . Subsequently, mice were removed from the exposure chamber and evaluated for ease of removal and handling reactivity. Piloerection, righting reflex, forelimb grip strength, the inverted screen task, landing foot splay, approach response, click response, touch response, tail pinch response, and mobility were evaluated (in the order listed) over the next 4 min (listed under "After" in Table 1 ).
For measurement of the righting reflex, the mouse was placed on a smooth foam surface which is easily gripped and a twisting motion was applied to die base of the tail in an attempt to turn the mouse onto its side. Forelimb grip strength was measured via a strain gauge with a horizontally mounted bar for the mouse to grab when swung up gently by the tail. The tail was slowly pulled back, and the grams of tension were read from the strain gauge. The maximum tension from five trials was used. For hindlimb foot splay, the hindlimb foot pads were painted with nontoxic tempera paint. The mouse was then dropped twice from a prone position, 15 cm from a paper surface that was placed over a foam landing pad. The distance between footprints were then measured and averaged. The approach response was measured by approaching the mouse slowly and head-on with the end of a blunt object (pencil) and holding approximately 2 cm from face for 3 sec. The click response was measured by positioning an auditory stimulus (toy "cricket") approximately 5 cm above the back of the mouse and actuating. Finally, the tail-pinch response was determined by gently squeezing the tail with metal tweezers approximately 2 cm from the tip. Scoring of the FOB, conducted on each mouse, was done by a single trained technician who was blind to acetate concentrations using scoring criteria described elsewhere (Tegeris and Balster, 1994) Prior to inhalant exposure and FOB testing, mice were trained on the inverted screen test. Each mouse was required to climb to the top of the inverted screen within 10 sec during three consecutive training tests. This 10-sec cutoff duration was maintained for testing. The open field test was 2 min in duration for each mouse with all postexposure tests being concluded in 4 min.
Separate groups of mice (N = 8) were used for evaluation of each concentration tested. The following compounds and concentrations were tested: amyl acetate (0, 500, 1000, 2000, and 40000 ppm), ethyl acetate (0, 250, 500, 1000, and 2000 ppm), and /i-butyl acetate (0, 1000, 2000, 4000, and 8000 ppm).
Data analysis. Concentration-effect curves for motor activity data were analyzed separately for each of the acetates tested using analysis of variance (ANOVA) and Tukey post hoc comparisons (p * 0.05). The procedure for FOB data analysis was similar to a method used by the U.S. Environmental Protection Agency (Creason, 1989, Tilson and Moser, 1992) . with modification for between-subject data versus repeated measures Continuous and count measures were analyzed by means of separate General Linear Model (GLM) procedures (SAS Institute, Cary, NC). Tukey post hoc tests were used to specify differences (from control) revealed by the overall analysis. Categorical data were analyzed with CATMOD (SAS Institute, Cary. NC), a procedure designed to provide a model of ANOVA for categorical data. When appropriate, frequencies of behaviors for individual concentrations were compared to control frequencies In addition, analyses were conducted on each domain of solvent effects by performing CATMOD procedures on overall seventy scores derived from tallying severity scores on each individual measure within the domain (see Moser, 1991 . for further details).
Chemicals. The solvents used were amyl acetate (A718-500; Fisher Scientific Co. Fairlawn, NJ). n-butyl acetate (B396-1: Fisher Scientific Co.). and ethyl acetate (El45-1. Fisher Scientific Co ) 
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RESULTS
As shown in Fig. 1 , both n-butyl and ethyl acetate exposure produced significant concentration-dependent decreases in locomotor activity. Significant decreases as compared to control were observed at 2000 ppm ethyl acetate and 8000 ppm n-butyl acetate. Amyl acetate was without effects at all concentrations tested. Observations for all three acetates across the period of exposure revealed that activity levels remained constant during the exposures (data not shown). No biphasic activity (increase and decrease) was observed for any acetate at any concentration. No seizures or deaths were observed in any of the animals at any concentration. Table 1 shows a summary of the results for the effects of amyl, ethyl, and n-butyl acetate on measures from the FOB during the last 2 min of exposure and immediately after exposure. As described in more detail below, ethyl acetate produced significant effects in each of the domains, while n-butyl acetate produced effects in all but the sensorimotor reactivity domain. Amyl acetate exposure resulted in significant effects in the CNS activity, CNS excitability, and autonomic domains. Overall, the effects of the acetates were similar in the CNS activity and CNS excitability domains. Lethalities were not observed during the testing of these compounds; however, seizure activity was seen in some mice exposed to several of the acetate concentrations (see below).
The acute effects of the acetates on CNS activity measures were apparent during and sometimes after exposure. In general, during acetate exposure the animals displayed crouching behaviors at the lower concentrations and flattened "swim-like" postures at the highest concentrations. Only the highest concentration of ethyl acetate (2000 ppm) was effective in significantly decreasing arousal after exposure. During exposure, amyl and ethyl acetate significantly decreased rearing in a concentration-dependent manner (Fig.  2) . Postexposure rearing was only significantly decreased by ethyl acetate. n-Butyl acetate was without significant concentration-related effects on rearing (Fig. 2) .
The decrease in arousal resulted in easier removal from the exposure chamber for animals exposed to both 2000 and 4000 ppm amyl acetate. Furthermore, handling reactivity was significantly affected following exposure to the highest concentration of amyl acetate. As shown in Fig. 3 , several mice exposed to amyl acetate exhibited seizure activity (i.e., violent motor spasms) following exposure to the three highest tested concentrations. These seizures occurred upon removal from the exposure chamber and were most likely handling-induced. These handling-induced convulsions were also observed at the 2000 ppm concentration of ethyl acetate and the 1000 and 2000 ppm concentrations of n-butyl acetate.
Clonic movements were produced by all three compounds (see Table 1 ). Acetate exposure produced repetitive mouth movements, mild tremors, and wet dog shakes. With the exception of n-butyl acetate exposures, which produced clonic movements at every concentration tested, higher exposure concentrations of ethyl (=*500 ppm) and amyl acetate (5= 1000 ppm) produced the greatest clonic activity. Significant increases in tonic activity were also observed after ethyl and n-butyl acetate exposure. Several mice exhibited explosive jumps into the air in which all four feet left the surface at each acetate exposure tested (data not shown). Significantly more jumps were recorded during exposures to the 500 ppm concentration of ethyl acetate and the 2000 ppm of n-butyl acetate.
Examination of the autonomic effects reveals that palpebral closure was significantly affected by the higher concentrations of all three acetates, with n-butyl acetate exposure producing lacrimation. The degree of closure was related to concentration with higher concentrations producing the majority of eyelid closures. n-Butyl acetate exposures appeared to be the most irritating of the three acetates with palpebral closure occurring at every concentration examined. The remaining autonomic nervous system measures remained unaltered by exposure. The acetates produced only modest effects on muscle tone and equilibrium, and only ethyl and n-butyl acetate had significant effects on this domain ( Table 1 ). The severity of changes in gait and the production of gait abnormalities during exposure were concentration related (data not shown). One finding that per- 
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Note. *, One dose (usually highest) is significantly different from control (p < 0.05); *', two or more doses are different from control (p < 0.05); -, no effect compared to control (blank spaces reflect measures which were not evaluated); and H, direction of change in measure. sisted for the higher concentrations all three acetates was an increase in hindlimb splay. In addition, these gait disruptions were more pronounced when measured during the final 2 min of exposure than when measured later in the open field (Table 1) .
Mobility in an open field after exposure was only markedly decreased by the highest exposure of ethyl acetate (data not shown). In addition, ethyl and n-butyl acetate exposures disrupted the righting reflex of mice only at the highest concentrations examined (Fig. 4) . Latencies for mice to right themselves on an inverted screen task was not significantly affected by any concentration of the three acetates. In addition, none of the acetates tested produced decrements in forelimb grip strength or increases in landing foot splay at the exposures tested.
The sensorimotor reactivity domain was only significantly affected by ethyl acetate exposure. Examination of the individual endpoints exposure to 500 ppm of amyl acetate and 8000 ppm of n-butyl acetate significantly increased the click response. Approach responses to a blunt object placed in the path along with responses to a tail pinch were observed for both amyl and n-butyl acetate.
DISCUSSION
The three inhaled acetates produced generally similar acute behavioral effects in mice on locomotor activity and as measured by a FOB. Each of the acetates produced changes in posture with decreased arousal and rearing during exposures combined with increased CNS excitability as shown by increased clonic and tonic movements and increased autonomic effects (increased palpebral closure). Very modest effects were seen on muscle tone/equilibrium (decreased mobility and righting reflex) and increased sensorimotor reactivity (elevated response to sensory stimuli). All of these agents produced increases in palpebral closure with slight (amyl and ethyl acetates) to severe lacrimation (butyl acetate), which may reflect the eye irritant effects of inhalation exposure to acetates. These irritant effects have been reported previously (Iregren et al., 1993) . In addition, these compounds produced clonic and tonic movements during exposure. To our knowledge, this is the first report of CNS excitatory effects produced by acute acetate exposure.
Potency differences were observed between the three acetates. As measured by locomotor activity, ethyl acetate was more potent than n-butyl acetate with amyl acetate being without effects at the highest concentration tested. Ethyl acetate significantly decreased locomotor activity at a concentration of 2000 ppm while only 8000 ppm of n-butyl acetate was able to significantly reduce locomotor activity. These data contrast with a recent investigation in which a mixture of organic solvents containing 31% ethyl acetate produced increases in locomotor activity (Yavich et al., 1994) . However, since this combination contained 25% toluene, which is known to increase locomotor activity (Hinman, 1987; Wood and Colotla, 1990 ), this increase in activity could be due to toluene alone or to an additive effect of the compounds.
This potency order was similar in the FOB screening results where ethyl acetate was more potent in disrupting these measures. Arousal and number of rears were disrupted by ethyl acetate for up to 4 min postexposure while amyl and n-butyl acetates were ineffective. In addition, ethyl acetate exposure disrupted mobility postexposure and, along with n-butyl acetate, significantly decreased righting reflexes. However, the depressive effects observed for these acetates may be in part due to postictal depression and may not represent depressant-Like qualities at all. A similar finding has been reported in a recent investigation for the convulsant vapor flurothyl .
The effective concentration ranges reported for the acetates in the present study are within ranges described in previous reports. For example, Alarie (1981) reported that the RD50 value (concentration of airborne chemical that produces a 50% decrease in respiratory rate) for amyl acetate was 1531 ppm. In addition, amyl acetate has been shown to be an eye and respiratory irritant at 2000 ppm in guinea pigs, with increasing concentrations (5000 ppm or greater) producing impairment of motor function, eventual unconsciousness, and death ACGIH, 1986) . In humans, amyl acetate has been reported to produce mild eye and nose effects with severe throat irritation at 200 ppm (Nelson et al., 1943) . n-Butyl acetate has also been reported to produce eye and nose irritation in cats at lower concentrations (1600 ppm) with concentrations of 6000-7000 ppm producing narcosis and eventual unconsciousness (ACGIH, 1986) . Continuous exposures to concentrations higher than 10,000 ppm have been reported to produce fatalities (Sayers et al., 1936; ACGIH, 1986) . In humans, concentrations of 300 ppm of n-butyl acetate have resulted in severe eye, nose, and throat irritation (Nelson et al., 1943) . The acute toxicity for ethyl acetate is relatively low with a reported 8-hr rat inhalation LC of 1600 ppm and a 3-hr mouse LC of 12,330 ppm (ACGIH, 1986). Kant et al. (1980) reported that the RD50 value for ethyl acetate as determined in mice was 614 ppm. However, irritation of the eyes, nose, and throat have been reported in humans exposed to concentrations as low as 400 ppm (Nelson, 1943; ACGIH, 1986) .
The neurobehavioral effects of these three acetates were different from earlier results reported for several alkylbenzene and halogenated hydrocarbon solvents and anesthetics (Evans and Balster, 1991; Tegeris and Balster, 1994; . For example, two widely used and abused solvents, toluene and 1,1,1-trichloroethane, have both been shown to concentration-dependently impair motor function as measured on an inverted screen test (Moser and Balster, 1985; , produce biphasic effects on locomotor activity , and decrease rates of operant responding (Rees et al., 1987a,b) . In contrast to these reports, none of the acetate concentrations examined in the present study were able to produce significant decreases forelimb grip strength, inverted screen performances, or increase landing foot splay. The increases reported for sensorimotor reactivity in the present investigation are in direct contrast to the reduction in reactivity reported for these other solvents (Tegeris and Balster, 1994; . In addition, the acetate-produced increases in tonic and clonic movements with some convulsions were not seen with these other solvents. Taken together, these findings demonstrate that acetates produce a pattern of acute neurobehavioral effects that differs qualitatively from solvents such as toluene, xylene, and 1,1,1-trichloroethane. These latter solvents produce acute effects that are closely similar to those of depressant drugs such as ethanol and the barbiturates (Evans and Balster, 1991) . The acetates do not show this depressant effect and produce a pattern of effects that most closely resembles that of the convulsant vapor flurothyl .
One similarity between the present findings and our two earlier studies using a FOB to evaluate inhalants is that disruptions were more prominent during exposure with rapid recoveries following cessation of solvent exposure. Recovery from the acute effects of the acetates was rapid and began shortly after removal from the exposure chamber. With the exception of the 2000 ppm exposure of ethyl acetate which continued to disrupt rearing behavior up to 4 min postexposure, the majority of the acetate exposures were no longer behaviorally disruptive (Fig. 2) . Arousal during 20 min of amyl (4000 ppm) and n-butyl acetate (4000 and 8000 ppm) exposure was significantly disrupted, while none of these exposures affected arousal 4 min after exposure. The effects of ethyl acetate exposure were somewhat longer with 2000 ppm continuing to significantly disrupt arousal postexposure. The rapid recovery of behavior after removal from vapor exposure concurs with earlier investigations (Tegeris and Balster, 1994; .
The pattern of depressive effects observed for the acetates on the measure of spontaneous locomotor activity contrasts with the stimulatory effects observed on the FOB measures.
These findings suggest that a dissociation may exist between these two measures and emphasizes the importance of using multiple tests to explore the extensive biological effects that these solvents may produce. Similar effects were reported for the fiuorinated ether, flurothyl, in an earlier FOB characterization study . Further study of the effects of acetates and neurobehavioral function is clearly warranted. It is still unclear whether these acetates will have effects on other behavioral measures (e.g., schedule controlled responding) or whether differences will exist for other acetates.
In conclusion, acute neurobehavioral effects were observed following acute exposure to amyl, ethyl, and n-butyl acetate. The effects were evaluated using a FOB adapted for use in mice. These findings suggest that the three acetates produce a similar profile of effects, one which was different from the profile of effects produced by depressant vapors. Locomotor activity and the FOB appear to be useful procedures to characterize patterns of acute neurobehavioral dysfunction produced by solvents.
